The most important contributions to the quantification of left ventricular volume in man to date have employed the angiographic technic (1-3). Although stated to be accurate, this method is time-consuming, requires expensive equipment, alters ventricular contraction, is relatively limited in the number of observations that can be made safely, and may present the hazard of myocardial injury. The indicator dilution method for estimation of ventricular volume (4, 5), on the other hand, although more dependent on uniform ventricular mixing and totally unrevealing of ventricular shape, presents the advantages of having little effect on the heart, unlimited repeatability, and simplicity of calculation. This communication reports measurement of left ventricular volume in man by the thermodilution technic (6) under a variety of conditions and the utilization of these data to determine ventricular systolic force and fiber shortening.
The most important contributions to the quantification of left ventricular volume in man to date have employed the angiographic technic (1) (2) (3) . Although stated to be accurate, this method is time-consuming, requires expensive equipment, alters ventricular contraction, is relatively limited in the number of observations that can be made safely, and may present the hazard of myocardial injury. The indicator dilution method for estimation of ventricular volume (4, 5) , on the other hand, although more dependent on uniform ventricular mixing and totally unrevealing of ventricular shape, presents the advantages of having little effect on the heart, unlimited repeatability, and simplicity of calculation. This communication reports measurement of left ventricular volume in man by the thermodilution technic (6) under a variety of conditions and the utilization of these data to determine ventricular systolic force and fiber shortening.
Methods
Thirty-nine patients were studied and classified on the basis of clinical evidence and diagnostic cardiac catheterization. Subjects with mitral regurgitation and significant aortic regurgitation were not included because of the inability to calculate true left ventricular volume in the presence of these defects (7) . The following categories were studied:
"Normal" left ventricle (22 subjects) . This category was divided into groups A and B according to the apparent degree of "normality." Group A comprised seven * Submitted for publication December 4, 1963; ac- cepted February 17, 1964. Supported by grants (H-2637) from the U. S. Public
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patients with systolic murmurs and no discernible abnormality on diagnostic catheterization and five patients with trivial mitral stenosis. Group B was composed of four with significant mitral stenosis, three with slight and two with moderate aortic stenosis (pressure gradients no higher than 30 mm Hg), and one with a surgically proved secundum-type atrial defect. No patient had cardiac enlargement by X ray or left ventricular hypertrophy by electrocardiogram (8) .
Aortic stenosis. Eleven patients had severe aortic stenosis (calculated area of 0.6 cm2 or less), confirmed at subsequent operation or necropsy in eight. Nine of these had clinical symptoms of left ventricular failure. These patients showed varying degrees of cardiac enlargement by X ray (9) .
Congestive failure of unknown etiology. Three subjects had symptoms and signs of left ventricular failure. All had an increase in cardiac silhouette (9) .
Subaortic stenosis. There were two subj ects with hemodynamic and cineangiographic documentation of subvalvular muscular obstruction. Both were virtually free of symptoms. Radiographic heart size was normal in both. Left ventricular hypertrophy was present in both by electrocardiogram.
Paroxysmal atrial tachycardia. One patient with essential hypertension and a history of palpitations spontaneously went into this arrhythmia subsequent to control observations. Measurements were made just before termination of the arrhythmia by carotid sinus pressure.
Procedure. Catheters were placed in the left ventricle usually by the transseptal, but occasionally by the retrograde technic,' in the ascending aorta, a brachial artery, and a peripheral vein. A beaded thermistor2 mounted on a radiopaque no. 4 vinyl catheter was threaded through the aortic catheter to protrude several millimeters into the blood stream immediately above the aortic valve.
The thermistor was connected across a Wheatstone bridge, thence to a recording circuit. Details of this system and the methods used are described elsewhere (7) . 1 The upper part of the figure illustrates general morphology of the-curve with rapid fall in aortic blood temperature on injection, followed by stepwise return in temperature. Temperature scale was linear with deflection of 0.070 C per cm. To assure as complete indicator mixing as possible, measurements were not begun until the fourth beat after injection (10) . Because the early part of the curve was not analyzed during the mixing beats, this portion of the curve was deliberately allowed to run off scale to obtain full-scale sensitivity for measurement of ratios from the fourth beat on. The ratio of each pair of steps was measured in millimeters above initial base line. The base line for each curve is shown to the left at the point of the arrow signifying indicator injection. Curves obtained in patients AA~c and FS are illustrated.
During any given study period, five to 'ten aortic thernmodilution curves ( Figure 1) Calculations for force and fiber shortening. It would be useful if the volume to be reported could be fit into a geometric form susceptible to easy force and motion analysis. Burch, Ray, and Cronvich suggested the sphere for this purpose (11) . Others have proposed from angiographic study that the left ventricle be represented as an ellipsoid (2, 3, 12) . Ventricular wall forces, stresses, and circumferential shortening will vary with curvature in a nonspherical chamber. The problems raised by the choice of the appropriate geometric form, however, can in part be mitigated as follows: 1) The force acting upon the wall of the intact canine left ventricle calculated directly from the intraventricular pressure and inner radius at the transverse equator of the chamber (7rr2P) correlated well with wall force directly recorded from a strain gauge (13) . These strain gauges were oriented on the ventricular wall in both perpendicular and parallel fashion to the equator, corresponding to minimal and maximal lines of tensile force (14) , without altering the correlation. This suggests that even if the principal forces are not equal, at least they change directionally and linearly together.
2) The over-all changes in force for enlarging shells of both spherical and ellipsoidal shape are similar. The Appendix demonstrates a geometrical analysis of an elliposid of revolution (or a prolate spheroid). With a major-minor axis of 2:1 (similar to that of the human heart (14) , total force3 exerted against the inner surface of such a shell differed by only 8% from that bearing upon a sphere containing an equal volume ( Figure A2 ). The HEART RATE PLOTTED AGAINST END-DIASTOLIC VOLUME. These tend to vary inversely when resting studies are compared. This is made more evident when norepinephrine or isoproterenol is administered. By the use of binomial distribution the probability that rate and volume will not vary inversely is less than 1 in 1,000 in the "normal" group (16 Figure  2 .
Normal left ventricle (Table I) * MS = mitral stenosis, AS = aortic stenosis, MVA = mitral valve area, AVA = aortic valve area, ASD = atrial septal defect, and P/S = pulmonic/systemic ratio. ESV = end-systolic volume; EDV = end-diastolic volume. Aortic stenosis (Table II) . Although ventricular end-diastolic volume averaged 148 ml per M2, or almost 50%o greater than the normal group, 6 of the 11 patients had values in the upper portion of the normal range (< 132 ml per M2). On the other hand, residual fraction was almost invariably increased (0.80 + 0.06).
Congestive failure (Table III) . Three patients with heart failure of undetermined cause had increases in heart volume with marked increase in residual fraction.
Subaortic stenosis (Table III) . Two patients had normal heart volumes and residual fractions.
Paroxysmal atrial tachycardia (Table III) Figure 4 ). End-diastolic and systolic volumes decreased in seven of eight normal studies (p < 0.05), with reduction in residual fraction in most instances (0.05 < p < 0.1). Heart rate increased in all subjects as volume decreased ( Figure 3) .
In contrast to the normal group, end-diastolic volume in aortic stenosis subjects increased in six of eight measurements (Figure 4) . Although the increase for the group was not statistically significant, the average difference in response between the aortic stenosis and normal subjects was significant (p =.005). The end-systolic volume changed directionally with end-diastolic volume. Residual fraction was essentially unchanged in all but patients CS and MS.
Relationship between end-diastolic pressure and volume. Directional changes were similar in the majority of normal subjects ( Figure 5A ). The few discrepancies usually occurred when very creased end-diastolic volume. With isoproterenol, consonant changes occurred in all subjects (Figure 5B) .
Circumferential shortening during systole. In those subjects virtually free of heart disease (Patients 1 to 7), the left ventricle shortened an average of 18% of initial or end-diastolic circumference (Table VI) . The percentage was decreased in aortic stenosis and heart failure. The greatest percentage of shortening occurred in GS during norepinephrine infusion (29%).
Effect of heart size on stroke volume ejected per unit shortening distance. Figure 6 shows that the ratio of stroke volume to shortening distance decreased when heart size decreased during isoproterenol infusion and increased with increase in heart size during norepinephrine infusion.
Mean systolic force and mean circumferential shortening rate. Table VI and Figure 7 show, as expected, that mean systolic force increased with increasing degree of heart disease and directly with cardiac size. Shortening rate showed an inverse relationship (Table VI) , but with more scatter (Figure 7) , and a significantly lower degree of correlation with end-diastolic volume than force with end-diastolic volume (p <.005) (Figure 2 ). These differences in results are unreconciled at present.
The reduced stroke volume characteristic of tight mitral stenosis (19) has been attributed to reduced ventricular filling during diastole and consequent diminution in emptying during systole. The finding of normal instead of reduced enddiastolic volume in the subjects with mitral stenosis tends to vitiate this explanation.
As shown in the normal left ventricle group, mild aortic stenosis has no effect on ventricular volume. Severe aortic stenosis, on the other hand, can exist with either a normal or an in- creased resting diastolic volume. This is corroborated by X-ray study of the degree of cardiac enlargement (Figure 2) Similar findings regarding diastolic volume and residual fraction were made in three subjects with heart failure of unknown cause, as previously reported (17) . Increase in residual fraction may be an important functional expression of cardiac failure and, if not related to extremes of heart rate, may be much more significant than an actual increase in ventricular volume. The volume technics provide a new tool for studying not only absolute chamber volume, but also the degree of systolic emptying in various forms of heart disease under diverse conditions. In the two patients with subaortic stenosis, end-diastolic volumes were among the lowest recorded, and fractional emptying was comparable to the normal. The small volume may reflect either an early stage in the disease (i.e., normality), or the extraordinary effects of concentric hypertrophy. The dynamic character of this disorder may be such that accelerated ventricular emptying during the early phase of ejection (before obstruction to outflow becomes severe) permits a normal fraction of end-diastolic volume to be ejected.
The single study of paroxysmal tachycardia illustrates the reduction in ventricular end-diastolic volume with cardiac rate described by Bristow, Mintz, Ferguson, and Rapaport (20) in dogs. A similar trend was seen in the over-all data (Figure 3) .
Influence of catecholamines. The increase in end-diastolic volume seen in man during norepinephrine infusion was not observed in the anesthetized dog, however (21) . The results in man probably represent the effects of two induced hemodynamic changes: 1) increase in afterload to contraction 6 through rise in arterial pressure and 2) decrease in cardiac rate. Both an increase (22) and no change (23) in ventricular end-diastolic pressure (and presumably volume) have been reported when the isolated left ventricle is confronted with increased resistance to ejection. Bristow and associates (20) reported that ventricular end-diastolic volume increased as heart rate was slowed, but that residual fraction decreased. The essentially unchanged residual fraction in these studies, despite rate reduction and the known cardiac inotropic effects of norepinephrine, implicates the role of increased resistance to ejection in producing much of the observed response. This is further attested to by noting the different effects of isoproterenol in normal as opposed to aortic stenosis subjects.
In normal subjects the decrease in left ventricular volume with a greater fractional emptying during isoproterenol infusion was probably related to 1) decrease in afterload through primary systemic vasodilatation, 2) increase in cardiac rate, and 3) direct inotropic stimulation of the heart. Similar effects were induced with isoproterenol by Bristow, Ferguson, Mintz, and Rapaport (24) and differ from the response to increased heart rate alone (20) by the increased fractional emptying. The response was different, however, in the aortic stenosis group. Mean ventricular volume rose slightly and emptying was unchanged. Whereas left ventricular end-diastolic pressure fell in the normals, it rose or was unchanged in most of the aortic stenosis subjects. This difference in response probably reflected the interaction between the magnitude of fixed resistance to ejection in severe aortic stenosis and the ability of the myocardium to respond to simultaneous inotropic stimulation. Because of the increased afterload, the ventricular response was more like the normal response to norepinephrine, whereas peripheral vasodilatation and hypotension led to concurrent reflex tachycardia.
Relationship of ventricular end-diastolic vol6Afterload is defined as ventricular wall tension during systole generated by the interaction of ventricular contraction and outflow resistance. ume and pressure. There were frequent isolated abnormalities either in pressure or volume in the aortic stenosis group, undoubtedly reflecting major differences in compliance between patients. For example, patient RB had a markedly elevated left ventricular end-diastolic pressure and normal end-diastolic volume, whereas SC had just the opposite findings. Similar observations in idiopathic myocardial hypertrophy (25) and in valvular heart disease (26) have been made. Variations in compliance among normal subjects probably do occur also as illustrated in Figure 5 . Correlations of this type are limited, however, both by errors of the volume method and by errors in recording end-diastolic pressures. This latter value is subject not only to the vagaries of recording through a catheter but to artifacts inapparent to the investigator, introduced by changes in respiration. Attendant effects on the intrathoracic pressure to which the heart is exposed can alter the base line and therefore the apparent left ventricular end-diastolic pressure.
End-diastolic tension, the preload to ventricular contraction, is of great theoretical importance. The aforementioned source of errors, however, vitiates interpretation of all but large changes in this derived value. Such calculations were not made in this study.
Ventricular systolic force and fiber shortening. Ventricular systolic pressure and ejection volume are secondary derivatives of mechanical events that occur within the wall of the heart. These are, respectively, the total force developed and the distance through which the fiber shortens; in turn, these reflect the interaction between the contractile element and the elastic structures comprising muscle fiber (27) . If ventricular size and shape are known, then both force and linear shortening of the heart can be assessed during contraction. The method employed herein supplies volume only. As described in the Appendix, however, so long as total force and not stress is the issue, a spherical shell can be used to contain the volume.
Increase in ventricular size obviously increases systolic force per unit pressure developed and decreases the systolic shortening per unit ejection volume. Thus, although force and shortening rate are derived in part from in(lependent variables, diastolic volume is common to both. There must be then a trend toward an inverse relationship between the two when multiple points are compared (Figures 7 and 8 ). Individuals will vary, however. For example, DG exhibited a much faster shortening rate than did EM for the same force. Also, in the aortic stenosis subjects, shortening rate tended to be relatively constant despite ever increasing values of force.
The different effects of catechols on the heart can be described by the force-circumferential shortening rate relationship. Despite its known inotropic actions, when norepinephrine was given systemically, only in the minority of experiments was an increase in velocity of fiber contraction seen. Presumably, the increased afterload to contraction obscured the usual evidences of inotropic action. Although the force-velocity relationship of the contractile element may have changed to keep mean fiber velocity constant as force increased, the net result to the heart was unchanged fiber contraction. In contrast, isoproterenol (which did not materially affect mean force in the normals) caused marked increase in circumferential shortening rate. Considering the usual reduction in heart size (and therefore decrease in initial length) seen with isoproterenol, the increased fiber shortening rate must have come from an inotropic stimulus 7 to the contractile element. Inhibition of this effect, if force is greatly increased, was seen in those aortic stenosis subjects in whom isoproterenol resulted in increased force or afterload. Summary 1) Left ventricular volume has been studied in 39 human subjects by the thermodilution technic. Observations were made at rest and during infusion of norepinephrine and isoproterenol.
2) The average end-diastolic volume in 12 subjects with the least cardiac disease was 96 ± 20 ml per m2 with an end-systolic (residual) fraction of 0.56. 3) End-diastolic volume was normal in mitral stenosis. 4) Severe aortic stenosis was associated with either normal or increased end-diastolic volume. Residual fraction, however, was 7 Although this probably represented direct catechol effect on contractile element, increased inotropirm from increased heart rate per se cannot be ruled out (28) .
invariably increased in this disease and in subjects with heart failure due to other causes. 5) Norepinephrine infusion increased end-diastolic volume in the normal group. Isoproterenol decreased end-diastolic volume in the normal group, but tended to increase volume in subjects with aortic stenosis. This difference in response was attributed to the fixed resistance of aortic stenosis acting to cause intraventricular hypertension, which was not seen in other subjects. 6) Mathematical evidence has been presented to indicate under what circumstances the spherical model may validly be used for structural analysis of volume changes. Mean systolic force and mean shortening rate of the left ventricle can be determined, but ventricular stresses cannot be accurately assessed. 7) Force-shortening rate analysis has shown that shortening rate increased in all normal subjects given isoproterenol, but was virtually unchanged in six of nine subjects given norepinephrine and in six of seven subjects with severe aortic stenosis given isoproterenol. The significance of these findings is discussed. Figure A3) .
Mean fiber shortening. The extent of fiber shortening will vary to some degree at different layers of the ventricular wall. Because thin wall theory is generally applicable to the heart as a shell (14) , and because only the final endocardial vector of force is being measured, it is considered acceptable to measure shortening as if it occurred only at the endocardial surface. The time course of ejection, and therefore of shortening, is difficult to determine accurately. On the other hand, the total extent of shortening at any equator of the sphere can be calculated and the mean rate of shortening determined from the duration of systole. To assess errors due to change in time pattern of ejection, Figure  A4 was drawn. The middle line represents the curve of decrease in ventricular volume under resting conditions according to Rushmer (15 
